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(57) Abstract: A battery's impedance is 
measured by a technique that normally uses 
a cuirent divider networic which is connected 
to the battery. The -circuit used according to 
this technique has a current' ^'generator '(53) 
producing a regulated current signal (li) and 
has one or more ^sensing impedaiites <Zs) 
which are normally positioned electircally 
parallel, or in some alternate <«mbodi me ms 
in series, with the battery. A DC-blocking 
capacitor prevents the battery voltage ^^rom 
draining into the one or more sensing 
impedances (Zs). A magnetic field tensor or 
comparable device measures the magnitude 
and/or phase of <:urnent parsing through 
the sensing imf)edanCes. Substitution of a 
number of x:alibrated impedances into the 
circuit in place of the battery permits an initial 
mathematical computation of the battery's 
impedance utilizing this technique. Thereafter 
battery impedances<;an be computed with the 
current without using^alibrated impedances. 
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Method and Apparatus for Measurement of 
Electrochemical Cell and Battery Impedances 

Background 

This invention relates to techniques for measurii^ impedance in ^dectrochemical^Us. 
More particularly, the invention is directed to apparatuses and methods used forsaking int»nal 
impedance measurements of electrochemical batteries and cells with improved sensitivity axKl 
noise/electromagnetic immunity as compared to currently existing methods. 

Electrochemical batteries and cells have very low internal impedaxK^e. Tliis is 4rue in 
different types of cells, including those based on either lead acid or nickel cadmium chemistiies 
for which impedances can be on the order of milliohms j(mn). For this ceiECSon, an eScK^ive 
method for measuring impedance must be highly sensitive to %mall impedance values while 
being immune to noise and electromagnetic circuit inteiference. Prior methods of impedance 
measuring normally utilize one of five different types of electrical circuits: (1) bridge circuits; 
(2) vohage dividers; (3) 4-wire connections; (4) short circuits; and (5) time constant circuits. 
However, each of these methods is limited by the inl^ent characteristics of tiae particular 
circuit type used in performing the impedance measurement. 

Bridge circuits are commonly used to sense impedance changes in batteries. ^\xh a 
bridge circuit 20 is depicted in FIG. 1, which shows the basic ccoifigueration of a circuit of this 
type which is powered by an AC voltage source Vj. These circuits generally include impedance 
elements 22 that are located along first and second current paths 24 and •^26, the impedance 
elements 22 being located on either side of vohage divider points where the voltages Va and Vb 
can be measured. For battery impedance measurements, one of the impedance elenfients 22 in 
the bridge represents the battery being measured. The output of the bridge, Vo, is the poiemial 
difference between Va and Vb. The vohages Va and Vb are related to the input voltage, Vi hy 
the relation 
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VA = Vi ri^3_ri andVs-Vi f" Z4 H 

|Z1 +Z3 J KZ2 +Z4 J , 



under the condition that V© is equal to zeroXi.e. Va = Vb ), so that 

£Z1)(Z4) = <Z2)(Z3). 

For example, one way of using this circuit is to make one <if the impedance ^^ntients 22 
adjustable and adjust the value of the impedance until Vo is equal <0 2iero. Tlie jM-oblem with this 
type of operation is that it requires continuous adjustment of the idement^r each fr^uency at 
which the measurement is made. This is because battery inlpedance is not constant over the 
frequency spectmm of interest. 

An automated system for handling such a procedure is -complex aiid ^^cult to 
implement. This circuit is typically used by picking nominal values of the three known 
impedance elements 22 to maximize the output voltage swing as the battery impedance <^ianges 
through the sweep of frequencies and usable life. The sensitivity of the output is maximized 
when Z2 = Z3 and Zl = Z4. This implies that one of the in4)edance dements 22 j^ust have a 
value that is the complex conjugate of the battery impedance. 

Another limitation of bridge 'circuits relates to the^act that since internal impedaiK^ is 

very low for most cell types, voltage drops across the battery will also be very low. Fixing the 

values of all but one impedance element 22 and allowing only this battery impedance element 

to change implies that either Va or Vb will remain constant. The bridge 20 reduces 4o a voltage 

divider for changes in the battery impedance. The output voltage is inversely proportional to 

changes in the battery impedance. Thus, as the impedance of the batt^ increases, output 

voltage becomes smaller. To get sufficiently large voltage drops at tbex^utput, a large amount of 

current is required. For example, if the magnitude of the battery impedance were Smfi, a lA 

current would be required to produce a 5mV drop at the output. 
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^uch a -condition would pi^e a Jiigh gain requir<ement on any •sensing an^iTication 
equipment connected at the output of the bridge circuit. For exan^Ie, the input impedance of 
such an amplifier would be the impedance of the bridge circuit 20 and would be very iow due to 
the low battery impedance. Where such low input impedances are involved, such as those 
below in, amplifiers become highly susceptible to electrical field noise, whether self-g^herated 
or from other sources. This condition is compounded where the input signal is also very low. 
Adverse interference effects can be expected regardless of whether BJT or FET input stages are 
used. Although the addition of a transformer across V© is typically recommended in cases of 
low input impedance, the addition of such a device tends to contribute to circuit impedance, 
lowering the circuit's sensitivity. Alternatively, where a sufficiently high turns ratio is present, 
an added transformer can reduce the -bandwidth of the output signal produced. 

Since bridge circuits do not easily permit impedance sensing without adjustnoent of the 
known impedance elements 22, the circuit has no more sensitivity than the voltage divider 
circuit. Thus, such circuits are normally only usable in laboratory settings where the impedai>ce 
elements can be adjusted. 

A second commonly used technique for impedance measuring uses a voltage divider 
circuit, which is typically pr^erred over bridge circuits when adjustment of impedance is not 
required. A voltage divider circuit 28 used for battery impedance measurements is shown in 
FIG. 2. The circuit 28, like most designs of this type, is driven by an AC current soimse dO^ince 
voltage levels are typically in the range of millivolts and current in the range of amp^es and 
thus amperage is easier to regulate than voltage. The circuit includes a sensing impedance Zs 
and a battery impedance Zb in a series loop 29 with the AC current source, ^ach ^nsiiig and 
battery impedance has a respective sensor 31 that cormects to the series loop 29 at the 
respective impedance's point of positive and negative potential. Each sensor 31 is ^s^arat^ 
from the series loop 29 by capacitors 32 used to block the battery's DC signal. Hiis t-echnique 
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involves two ineasuremeirts: (1) measurement of the volt^e Vb across a sensing impedance Zs, 
permitting measiu^ment of tbeioop cuiT<ent.^ven the ioiovm size of Z,; and<2) measurement of 
the voltage Vb across the battery 34 being measured. 

Voltage divider circuits used to measure battery impedance are limited by the same 
S disadvantages as bridge circuits. Like bridge circuits, voltage measurements are taken in the 
millivolt signal level since batteries have very low impedance. Thus, voltage divider circuits, 
like bridge circuits, are susceptible to electrical field noise and have limited^nsitivity. 

A third technique utilizes a circuit known as a 4-wire or "Kdvin" •connection. "Riis is 
among the most frequently used techniques ^or measuring battery impedance and has been 

40 described in numerous patents and other referemes. The general configuration of a 4*wire 
connection 36 is shown in FIG. 3. In principle, this -circuit is very similar to a voltage divider 
circuit, being driven by a current source 37. But the 4-wire connection 36 -does not have a 
sensing impedance Zs. A battery 38 is interrogated with a current signal, and the voltage ^op 
Vb across the battery 38 is measured with a sensor 31 s^arated from the battery nodes by 

1 S capacitors 32. As indicated above, for most lead acid and nidcel ^dmium oells, the int^nal 
impedance Zb is very low. This means that the battery 38 will be driven with amperes of 
current, and output signals will be on the order of millivolts of potential. 

Most of the problems associated with bridge circuits and vokage dividers also apply to 
4-wire cormections. In fact, U.S. Patent No. 5,821,757 to Alvarez et al. specifically addr<esses 

20 the problem of reducing electromagnetic interference (EMI) that adversely aiSects the 4-wire 
connection described in U.S. Patent No. 5,281,920 to Warst with the addition of twisted, 
shielded-paired wires. Other attempts to reduce system noise have included the incoiporatkm of 
ground isolation, the selection of driving frequencies away from known sources of electric fr^d 
noise, and the combined techniques of windowing and averaging. 
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The fact that there is a iroed for «ach of 4hese atten^rt^ remedies ^monstrates the 
inh^ent limitations of this type of circuit, in such a system, Jarger output -^ignals T^uir-e a 
larger input current signal. For e^cample, output signals on die CM-der oftens of millivoks^uire 
input signals on the order of tens of amper-es. However, sensitivity 4ends to be inyefsdy relat«l 
to the impedance of a battery. Since larger xell sizes ultimately lead to progressivdy smaller 
internal impedances, then for progressively larger cells, output voltages {Hoduced using the 4- 
wire technique tend to be smaller for the same input current. It follows that this 'technique is 
generally inadequate for using in a broad range of^U sizes. 

Another technique used to measure battery impedance is the short ^ciicuit configm-ation. 
This configuration is less common than oth^s described above and has been used in 
applications where internal impedance magnitudes have been on the order of hunds^eds 4o 
thousands of ohms, such as in lithiiun iodine batteries used in pacemakers and related devices. 
A simplified illustration of a short circuit 40 is shown in PIG. 4. The circuit has a switdii 41 
connected to the positive node of a battery 42 having an impedance Zb. The battery's negative 
node is grounded, while the switch 41 connects the positive ^ode to a current mirror 43 ami to 
ground 45. This technique siriiply involves taking a vokage measurement on the unloaded 
battery 42 followed by a measurement of the short-circuited current to calculate a measure t)f 
the battery's internal impedance Zb. The short circuit is only applied long enough ^o -get an 
accurate enough measurement of the discharge current. 

Although this technique is useful for osculating impedance in small, lithium iodine 
batteries, other larger battery types, including larger lithium iodine aiKl most lead acid^^atteries, 
pose a serious explosion hazard when similarly short ckcuited. This technique is also limked in 
that it can only be used to get a bulk number to refwesent the battery's internal impedance, 
which eliminates all phase and frequency related information. 
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One additional technique that is commonly used to measui^ battery impedance is the 
time-t:onstant method. As demonstrated in the example t:ircuit in FIG. 5, this method is b&sed 
on the concept of an RC time response of a battoy 44 Avh»e R is ^i^buted *om abrt*ery 46 
and a capacitor 45 is a selected known value C The battery is'oonnected between aground and a 
normally-open switch 47 which is coimected through capacitor 45 to ^ound. The x^hai^ge Vc 
across the capacitor 45 can be monitored through operational amplifier 49. in operation, switch 
47 is closed, causing the battery voltage Vbto discharge through battery resi^ance Rb toxharge 
capacitor 45. The time it takes to charge the -capacitor 45 to the voltage Vb is used to determine 
battery resistance Rb since the capacitance C of capacitor 4S is known and the time x ^ ftbC 

This method has been incorporated into lithium iodine cells used in medical ^devices 
such as pacemakers. It includes switching a battery into a circuit with a parallel capa'citor and 
then measuring the time response to determine the time constant, «c = RC. 

Ais with other techniques, the battery's internal impedance is assumed to be a resistive 
element and the resulting measurement is reduced to a bulk number. No information about 
phase or frequency contributions is measured or determined. The t^hnique is also iimit«i in 
that there is a necessary tradeoff between ^^acitor si^e and processing speed of the'^tection 
circuit. A larger capacitor requires a larger amount of energy to be drawn %om the batt^ery, 
while the smaller the capacitors, the less time there is for the detection circuit to determine the 
time constant, affecting the sensitivity of the circuit. This relative dependenceon the capacitor's 
size ultimately affects the circuit's sensitivity. 

Most prior art methods of measuring internal impedance in balt-eries rely heavily on 
taking voltage measurements. Due to the very low impedance magnitudes involved, output 
signals are normally expected in the range of millivolts. Tliis means that in orxierfor most .prior 
art methods to be operable, high ^ain amplifi«-s having a combination of low vokage sisals 
and low input impedances to the amplifier must be used, implying a high ^evel »of susceptibility 



wo 01/501 19 PCTA5S00/35044 

to noise andfMl. The related apparatus sensitivities of most prior art metiiods are ^o r-dated 
4o the impedance of^he measur-ed he^tny. As battery oells4>eoome pro^^ssively lar^r, int'emal 
impedance becomes smaller. Voltage measurements in 4um become progressively smaller, 
thereby reducing the sensitivity of the measuring circuit. Althovigh increasing input ciH^nt <:an 
improve the output signal, such a step osm be prohibitive since a magnification from amperes to 
tens of amperes may be required to achieve the desired eSect. 

, Frequent measurements at high current levels not only impose a higher poww 
requirement on the circuit, but also subject the battery to higher levels of en^gy. ^uch 
conditions can potentially contribute to heating and eventual disruptions in normal ^11 
reactions. As confirmed by the number of past efiTorts to improve ^existing impedance 
measurement techniques, a new technique for measuring impedance is needed "that is 4ess 
sensitive to noise and EMI effects. Such a technique should also be iess ^dependent on dir«ect 
voltage measurements that are taken across the subject batteiy, while remaining usable for a 
variety of battery sizes and configurations. 

Summary 

In accordance with this invention, battery impedance Zs of a battery is measured by a 
circuit, such as a current divider network which is connected to the battery. The circuit has a 
current generator producing a current signal li and has one or more sensing impedances Zs 
which are normally positioned electrically parallel, or in some alternate embodiments in-series, 
with the battery. A DC-blocking xapacitor is positioned in series with the battery to prevent the 
battery voltage from draining into the one or more sensing impedances Zs. A magnetic fidd 
sensor or comparable device for measuring the electromagnetic field produced by -the current 
flowing through a wire, is then u^ed to measure the current Is passing through the -sensing 
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impedances Zs. Either the magnitude or the ph«e, or botii, of Is ^an be measiH'ed to anive at a 
usable value. 

Once the value of !« has been determined, the value of the impedance is mathematically 
determined. This can be done, for example, by substitutixig a number of calibr^ed impedances 
having values Zcaii through ZcaiN, into the drcuit in place of the batt^y and its impedance value 
Zb. In one illustrative method, for example, the mathematical determination incli^s-accounting 
for the effects of the combined circuit and connector impedances Zl and«Z2 which lead, 
respectively, into the parallel sensing and batteiy impedances Zs and Zb. An additional 
accounting is made for the eilect of the combined circuit and xonnector impedance Z3 leadiqg 
out of the sensing impedance Zs and the combined circuit, <;onnector and blocking ^capacitor 
impedance Z4 leading out of the battery impedance Zb. This results in the ^lationship: 

Zb = r (Zs + Zl + Z3) + (Z2+Z4) 

where 

r = Is 



li- Is. 

so that: 

Zb = Is iZ^ +Z1 + Z3) +^Z2+,Z4) 

where the values of Zl, Z2, Z3, and Z4 may be unknown. In this example of the4echnique, two 
calibrated impedances Zcaii and Zcaii are substituted into the circuit for the battery impedance Zb 
where: 

Zxs Z3+Z1 -fZ3 andZyHZ2+Z4 

so that 

Zb = rz^ + Zy 

resulting in an Is value of Ii when Zcaii is substituted for Zb and resulting in an Is value of Ja 
when Zcai2 is substituted for Zb so that 

Zx = Zcall - Zcal2 

8 
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and SO that 

I1-I2 

with the final step in this example being the simple determination df the v^ue ^Jjt by 
substitution into the equation 

While the illustrative embodiment of this invention utiU:%s two calibrated impedances 
Zca]N> it will be appreciated that a larger number of-calibrat-ed values may be usedto achieve ^e 
necessary measurement of jZb as will be explained further in the foilowin^ Detailed Pesoription 
of the Preferred Embodiments. It will also be appreciated that, as r^eot^ in the ^series 
embodiment of the incorporated circuit described below as an alternative embodiment df the 
invention, various circuit configurations are also possible in carrying out the disclosed 
impedance measuring technique and are fiilly •contemplated as being within the scc^ of this 
invention. For example, the use of additional, parallel sensing impedances 7^ may be i^^ened 
and are contemplated. 

Thus, the invention does not reside in any one of the Matures of the impedance 
measuring apparatus and method which is disclosed above and in the Detailed Description of 
the Preferred Embodiments and claimed below. Rather, this invention is distinguished from the 
prior art by its particular combination of features tiisclosed. Important ^features of this invention 
have been disclosed in the Detailed Description of the Preferred Embodiments of this invention 
which are shown and described below, to illustrate the best mode contemplated to date of 
carrying out this invention. 

Those skilled in the art will realize that this invention is capable of embodiments which 
are different from those shown, and the details of the structure of the impedance measuring 
apparatuses and the details of the disclosed impedance measuring methods can be changed in 
various manners without departing from the scope of this invention. Atjcordingiy, the drawings 
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and description are to be regained as illustrative in nature and are not ^ i'estrict the scope of this 
invention. Thus^ the claims are to "be r^ard^ as iochidmg such -equivalent apparatuses and 
methods as do not depart from ihe spirit and scope of this invention. 

Brief Description of the Drawings 

For a more complete understanding and apf»-eciation of this invention and many of ks 
advantages;, reference will be made to the following, detailed -description taken in conjunction 
with the accompanying drawings wherein: 

FIG. 1 depicts a typical bridge circuit configuration of the ^ype^nmioiriy used in one 
impedance measuring technique of the prior art; 

FIG. 2 depicts a typical voltage divider coirfiguration of the type commoidy used in an 
additional impedance measuring technique of the prior art; 

FIG. 3 represents a basic 4-wire configwation of the type used in the prior art; 

FIG. 4 depicts a typical a short circuit ^t^iguration used in the prior art; 

FIG. 5 is a prior art time constant configuration circuit; 

FIG. 6 is a general form of a proposed circuit which is according to the principles of this 
invention; 

FIG. 7 is a general form of a proposed circuit with connector, wte, and -capackor 
impedance values denoted before and after both the sensing impedance and the batteiy 
impedances; 

FIG. 8 represents a magnetic interfile for sensing current Is acccHxfing to the principles 
of this invention; 

FIG. 9 is an alternative series embodiment of a proposed circuit acccmling to the 
principles of this invention; 

FIG. 10 is an electrical schematic of a prototype circuit implementing the invention 
concept; and 

10 
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FIG. 1 1 is a graphical -fep^sentatibn^f impedance of a nickel cadmium batt^xdiiri^g 
discharge. 

Detailed Pescription of the Preferred Embodiments 

Referring to the drawings, identical reference numb^s and letters -designate the^ame or 
corresponding parts throughout the several figures shown in the drawings. 

The proposed technique for making impedance measurements deals directly with the 
limitations of prior art measuring techniques. As noted in the Background above, most previous 
impedance measurement techniques rely on voltage measurements made across the bakery 
and/or sensing impedance. These measurements are in the order of millivolts, driven at amps of 
current through milliohms of impedance. Thus, it is very difficult to measure such cuirent levels 
by merely measuring the voltage across a sensing impedance Zs. For example, as noted in the 
Bacl^ound, a simple voltage measuring device is highly susceptible to the eflfects of noise, 
EMI, and the current drain of the battery itself. However, an alternate way of measuring a 
current I in given leg of an electrical circuit is to measure the magnetic Seld generated at a 
sensing branch of the circuit. Such a current I can be appropriately measure either by its 
magnitude or chaise in its phase angle or both. 

FIG. 6 depicts a general form of a circuit which may be used to calculate a battery's 

impedance according to the proposed technique. The circuit has the general construction of a 

current divider network, C represents the capacitance of a DC-blocking ^capacitor SI that is 

selected large enough for the AC range of interest. Selection of an appropriate size of capacitor 

51 is dependent upon the lowest frequency level, or "half power .frequency," which the 

capacitor allows to pass through it, detOTnined by the formula 

C = 1 

2n Zs fh 

where C is the capacitor's capacitance value and ft is the half power frequency, and Zs is^he 

magnitude of this impedance and does not include its phase angle. Without the DC-*locking 

11 
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capacitor 51, ^cuircnt firom the battery 48 would drain into sensing imfyedance Zs. Ideally, Zs 
is kept as close as possible to the anticipated impedance of Hie battery to be measured. 

Zb represents the battery impedance that is being measured by die ^circuit, li represents 
the input current signal and Is represents the sensing impedance current. Additionally, lb 
represents the AC current through the battery 48, though the actual <nHTent in thexell may 
contain a DC component if a load is cormected to the battery 48. In this embodiment of 4^ 
proposed circuit, current li travels from a <nirrent source S3 through a current signal path^O to a 
current dividing connector S2 where it splits into portion Is, flowing through sensing current 
path 54, and into portion lb, flowing througjb battery tniirent path 56. The sensing current and 
battery current paths 54 and 56 eventually re-converge at current conv«ging-eormector '58.iff 
measurements are done online, the AC current signal can be choked with an appropriate AC 
choke 60, if necessary, so the load impedance, Zl is much larger than Zs andJZb. 

To determine the battery impedance, Zb, requires recognition of the basic relations 

and 




Neither the battery voltage Vb nor the sensing impedance voltage Vs are measured directly. 
However, since the Is and lb branches are parallel, 

V,=V3=I,Z3 

then 



When battery sizes become very large, cell internal impedance becomes very small, ^o 

that impedance contributions from coxmectors and wires eatmot be ignored. Thus, the circuit 

must be remodeled to include these additional impedance elements. Each of these particular 

elements is included in FIG. 7, with the load being omitted. In this particular embodiment of the 

circuit, the impedance resulting from capacitance C of DC-blodcing capacitor 51 is luniped 

12 
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with the impedance of the connector andiocal segment of the «batt'ery-ciurent4)ath 56 as Z4. Zl , 
Z2, and Z3 represent the connector and wire impedances of sensing ^ment 62 and hd^ecy 48. 
Zs is a known value, and as noted above, is ideally kept as close r possible to4he impedance 
the battery to be measured. However, imlike Zs, the values of Z 1 , Z2, Z3, and Z4 not ioiown 
explicitly. For this circuit, it is known that 



which can be written as 



The definitions 



allow for the relation 



Further, the definition 



v.=v, 

iXZr +Z3 +Z3)=I,(Z, +Z, +Zj. 
Zx^Z.+Zj+Zs and 2y s +Z4 



U-i.. 



Z^ +Zy . 



allows for the relation 



1,-1. 

Zj, = I ZjQ + Zy - 

For this equation, I' is known and measured. However, Zx and Zy are not {precisely known, and 
may not be known at all. Zb is the value that must be determined. 

As an example of this technique, the values of Zx and Zy <an be determined 
experimentally using two dififerent calibrated impedances, Zcaii wd Zcai2. The example 
procedure involves removing the battery 48 fi'om the circuit and replacing it with Zcaii first and 
then Zcai2. It will be appreciated, however, that removal of the battery 48 may not always be 
necessary in order to complete the required measurements according to the invention, ibr 
example if the values of Zl, Z2, Z3 and Z4 are small in relation to Zb and Zs, or if the values of 
Zl, Z2, Z3 and Z4 are already known. In this example, a measurement of Is is made ibr each of 

13 
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the two t^alibrated in^edances ^Zcaii aiid <^cai2. This T-esuks in two ^uations <terived #oni the 
previous equation for Zb, 



Z. 

Solving for Zx and Zy leaves the relations. 



" "fTl 

1,-1, 

Once Zx and Zy are determined, the battery 48 *can be placed bade into the <:ircuit and 
the previous equation 

Z^ ~- I-2*<j^ ^ Zy 

can be used to later determine Zb after a value ^r Is is determined. 

It will be appreciated that, while the impedance idetermination of this example is made 
using two impedance values, it is also possible to use more than two x:alibration values, and this 
possibility is fully contemplated to be within the scope of the invention. For example, given the 
relation 

in which Zx and Zy are not precisely known, a number N of known calibration impedances Zcaii 
through ZcaiN can be substituted for Zb in the circuit, allowing for a measurement of Is to be 
made for each of the calibration impedances leaving N s^arate relations 

.Zcali — liZx + Zy 
ZcaOM = InZx + Zy, 

which, depending on the range of the 'calibration impedances, t:an be solved linearly, piecewise- 
linearly, or nonlinearly for Zj^ and Zy. 
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it should be ^oted that, unlike the prior art techniques discussed above, the voltage 
drops aaoss Zs and Zh are never measured directly. Once the -circuit is t^aiibrated €or Zx and Zy, 
the battery 48 can be placed back into the circuit for the det-^mination of Zb &om the 
measurement ofl^. 

Detection of Is is accomplished by magnetically coupling Is with a magnetic field censor 
64 such as a Hall effect or a magnetoresi stive sensor or any other device which ^an determine 
the magnitude and phase of a magnetic field. This is possible if Zs is an electrical x;onductor 
such as copper. An appropriate magnetic interface 66 is depicted in FIG. 8. The figure shows 
how the magnetic interface links the sensing current. Is to the magnetic sensor 64. The int-ei€ace 
includes a ferromagnetic core 68 which is coupled to the magnetic field -sensor 64 and which 
need not be wound. The sensing current Is travels along the sensixig impedance Zs tfaroiighout 
the ferromagnetic core 68 resulting in a magnetic flux 70. The size and shape of -the *conductor 
Zs should be selected to maximize sensitivity of the current change when the battery impedance 
Zb changes and maximizes the flux linkage to the magnetic oircuit. 

Zs represents a single turn winding on the magnetic core 68 and the magnetic tensor 64 
sits in the air gap that dissects the core path. The magnetic flux density that the magnetic field 
sensor 64 is exposed to is given by the equation 

TO ^ M'oM'core T 

£ +u £ 

" core r*core '^ g9p 

This equation assumes the cross sectional ar^a of the air gap is the same as the core. Bgap is tifie 
magnetic flux density of the air gap and ^gap is the effective gap length. Also, 4ore is the 
effective core flux path length, vicore is the core permeability factor and |io is the permeability of 
fi*ee space. It should be noted that this equation was derived under static assumptions and 
nonlinear and dynamic properties such as hysteresis and oore saturation are consider-ed 
negligible factors for purposes of this invention description. The equation shows that the air gap 
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leng&i is the dominant lactor "for the sensitivity of the^uxxiensity to^^ensingKHnrent Is. If a 
large enough cuirent is used and if the magnetic lield sensor 64 is stilBBci^tly^nsitive, a core 
68 may not be necessary. 

The choice of magnetic field sensor 64 must include consid^ations such asihe sensor's 
ability for mounting in the core path and the ability to provide sufficient sensitivity to <l^ect the 
sensing current Is. Some suitable types that have been successfully implemented include Hall 
effect and anisotopic magnetoresistive (AMR) sensors \s^hich are r«eadily availsd3ie. AMR 
sensors, such as the Honeywell HMClOOl, have demonstrated gr-eater4evels<)F sensitivity than 
Hall effect sensors, such as the Optek OHN-xx, for op^ation in small m^netic^fields. AASl 
sensors also offer a much wider bandwidth at approximately the same cost as ,H[a]l elBfect 
sensors. Other alternative sensor types may present problems due to cost, bandwidth, and size. 
Some alternatives, such as the use of secondary windings as the magnetic^sensor 64, present an 
additional limitation in that they tend to introduce impedance into the circuit and t:onstrain the 
bandwddth. However, it is contemplated that additional, satisfactory magnetic field^^ensors will 
be developed over the years for use according to this invention. 

Advantages of the invention over previous impedance measuring ^techniques include 
greater sensitivity and greater immunity to noise and £Ml. In the proposed ckcuit, sensitivity is 
controlled mainly by the selection of the sensing impedance and the gap si^e of the core 68. The 
fact that no potential measurements are taken across low voltage and impedance 'sources results 
in greater immunity to noise and EMI. Most i^revious methods require that measurements of 
voltage drops be made across the battery 48 and/or sensing impedance. In <:omparison, the 
proposed technique requires only that a current measurement be made. 

For prior art methods of measuring battery impedance, such as the 4-wire circuit, the 
voltage drop across the battery will become progressively smaller as «ell sizies increase. This 
results in the circuit becoming increasingly Jess sensitive as the magnitude of each 
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measurement fails. It feUows that the -change in sensitivity is -dq>endent on 4he im^nal 
impedance of the battery being monitored. ISince tlie tedmique proposed by this invention 
measures only current with proper selection of a sensing impedance, sensitivity becomes 
independent of the measured internal impedance. Thus, given the i^oper selection of the 
sensing impedance, circuit sensitivity using the 4echnique of this invention will be 
approximately the same in both large and ^mall capacity cells. In addition, the overall 
measurement sensitivity of the disclosed technique is superior to that of previous measurement 
techniques. When, by way of example, an AMR sensor is used in <x)njunction with the 
technique of this invention, sensitivity has been shown experimemally to improve >26 times over 
the level of a prior art 4-wire circuit. Reducing the xore air ^ap size may furth» incr<ease 
sensitivity of this technique. 

A further advantage of the invention relates to inherent noise and iEMf limitations of 
previous techniques, such as the 4- wire circuit. In such previous techniques, sensing amplifiers 
are required to amplify signals in the range of millivolts ^om a low impedance source, the 
battery, or sensing impedance. Such amplification typically requires the use transistor 
amplifiers, such devices being highly susceptible to electric field noise sources when the input 
source impedance is low. 

In the proposed circuit configuration, sufficiently high cuirent, typically in the range of 
milliamps or greater, is sensed by the ms^netic interface 66 and is more immune 4o noise and 
EMI than voltage gain amplifiers would be. The sensing amplifier for this*circuit is connected 
to the magnetic field sensor 64, which, as noted above, has much higher impedance and voltage 
levels due to the improved sensitivity. For example, a Honeywell HMClOOl has a source 
impedance of 850Q while, with other AMR sensors typically having source impedances in the 
range of hundreds to thousands of ohms. 
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It will 4>e further appreciated .that a3temate ibrms of the disclosed ^circuit may he 
implemented with the proposed technique and iu'e <x)ntempiated4ol>e within the scope -of 
invention. One such alternate form of the proposed circuit is depicted in FIG. 9 and^can be a 
voltage driven circuit having a voltage source 159 and also having a magnetic "Coupling in serks 
with the battery 48 as shown in the figure, in this embodiment, the DC-blocldiig-capacitorlSl is 
positioned in series between the battery impedance Zb and sensing impedance Zs. Aecor-ding to 
the proposed technique, an impedance measuremoit of the battery 48 would be accomplished 
first by noting that 

Vi = • Vb + V, 

and by noting that the sensing current Is, which in this embodiment is also the batt-^ current, 
can be expressed by the relation 

Is = 

Zb + Zs . 

It would then follow that 

Vi = Is.^Zb + Zs) 

and 

Zb = Vi - IsZs 
Is . 

Thus, implementation of this circuit embodiment requires laiowledge of the source 
voltage Vi, sensing impedance Zs, as well as measurement of the sensing <nirrent Is. In practice, 
this configuration is capable of making impedance measurements that are similar to odier 
embodiments of the invention. However, unlike other embodiments, this specific configuration 
of the proposed circuit requires the inclusion of a voltage source Vj whk:h must maintain 
potential magnitudes on the order of millivolts. Unlike other circuit cosi&gurations of this 
invention, this embodiment requires that for progressively larger battery cells, the voltage 
source Vi must become progressively smaller in order to maintain operability. Regulation of the 
voltage source Vi may become increasingly difficult for smaller battery impedances without an 
increase in the level of current delivered. 
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¥i<j. 10 is a schematic illustration of an example prototype circuit 72 incoiporating the 
invention that t:an be used to -collect battoy impedance data from lead acid, nicleel^-cadmium 
and lithium battery cells. The circuit 72 is designed to be used with a PC based data acquisition 
(DAQ) board. The DAQ board is used to inject a waveform <Vdaq) into the circuit at ii^ut 71 
and toggle the set/reset circuit 82 of the AMR sensor with a signal (Vs/r) at input 73. To sample 
the injected current waveform and sensed current waveform, the DAQ board has access to the 
feed current (Vmi) and sensor response signal (Vsens). The circuit -section 74 in the upper left 
dashed box 75 represents the current source 76 and current divider circuit 78. This ^section 
drives the current into the battery 79 and sensing element 81. The injected wav^orm Vdaq is 
passed to the signal amplifier Ul which in turn generates the ^xnnrent Ij. The difibrential 
amplifier U2 is used to detect and to determine the value of li as it exists at the negative node of 
resistor R8 and enters the current signal path SO. A fi^omagnetic core Xl of tiie ma^etic 
sensor detects the value of Is at the sensing impedance 81. 

The circuit section 80 in the upper right dashed box 83 represents the current sensing 
circuit that is linked to the sensing element via the ferromagnetic core XI and the magnetic 
sensor SI. Within the magnetic sensor SI, the combined resistances of component resistors 85 
change in proportion to the magnetic field they encounter at the sensing impedance 81, with 
Slessentially comprising the ferromagnetic core XI. Within Si, a degaussing resistor 86 
comprises a coil used for demagnetizing the component resistors 85 of the ferromagnetic core 
XI. In the event that an external magnetic signal interferes with ^e ^core's opvation, the 
interference (magnetic ofiFset) can be minimized by passing a positive voltage through the 
degaussing resistor 86 proximate to the component resistors 85. 

The circuit section of the bottom dashed box 82 of FiG. 10 shows the set/reset circuit 
used for minimizing the magnetic offset in the magnetic sensor. In the circuit, a signal V^>r at 
input 73 is electrically isolated fi-om the rest of the circuit by an optical -coupling U5. To 
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minimize a magn^ic ofiset in the ^sensor 1, the signal Vs/r, which is noimally on the order of 
+SV, is manually dropped to OV for a duration of, for example, one second. \\^le the op&cal 
coupling U5 electrically isolates the signal Vs/r *om the r-est of the -circuit, ^J3 still permits a 
mimicking +SV signal to pass from ndmicking potential 88 through resistor R9 in response to 
each ipositive (+5V) condition for Vs/r. Mimicked signals are fed through 'four digital inverters 
U3, all of which may be contained on a single electronic chip allowing the signal to pass to a 
complementary MOSEET pair 1^2. The MOSFET pah- Q2 includes an N-^hannel MOSEET 90 
and an E-channel MOSFET 92, the pair functioning together as a tx)mbination4o^e switch .^r 
efifecting positive voltage through resistor 86. All four digital inverters act in^concert to 
alternate the positive conditions of the N- and E-oharinel MOSFETS in order ^to tog^e positive 
voltage through the degaussing resistor 86 depending on whether V^ is x;iMTently in its positive 
4^SV condition. Minimizing the magnetic offset in this way insures that the magnetic sensor 
does not saturate or drift from the zero field point, helping to maintain high ^en^or resolution. 
This ftirther enables the circuit to be used to collect impedance data on batteries i^ile charging 
and discharging. 

FIG. 11 is a sample plot of the impedance measured for a O-size, 4.3*Ahr nickel 
cadmium cell during discharge. Each point in the plot represents the cell impedance Zb at 
different frequencies ranging from 1 Hz at the upper right end of the^curve to 17.7kiiz at the 
lower left end of the curve. The data for this plot was obtained using the prototype circuit -of 
FIG. 10 on a nickel cadmium cell during a discharge •cycle. It will be appreciated that those 
skilled in the art will normally test a particular battery at one or more frequencies to determine 
the battery's impedance Zb at each frequency. It will be further appreciated that a -subject 
battery may be tested at many selected frequencies to determine the condition of the battery in 
question, and that the invention permits those skilled in the art to perform testing across such 
frequency ranges as appropriate. 
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Those skilled in the art will recognize that the various Sutures of this invention 
described above can be used in various combinations witii other ^ments widiout departuig 
from the scope of the invention. Thus, the appended claims are intended to he interpreted to 
cover such equivalent impedance measuring techniques that do not depart from the $pmt and 
scope of the invention. 
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Claims 

1 . An apparatus for measuring impedance in an eleotrocbemical cell •comprismg: 
5 a current generator for producing an input cuirent s^nal li along a 'current signal path in 

a current divider network; 

said current divider network having at least a sensing current {)ath and a battefy cuirent 
path, said sensing and battery current paths being in parallel to each other, each of said -sensing 
and battery current paths also being in series with said current signal path, said-cuiT*ent signal, 
-0 sensing, and battery paths interconnecting with each other at a^current dividii^xonnector and at 
a current converging connector; 

said sensing current path having a measurable sensing impedaiK:e Zs located alpiig said 
sensing current path, a connector-wire impedance JZi between said current dividing -connector 
and said sensing impedance and a connector-wire impedance Z3 between said sensing 
5 impedance Zs and said current converging connector, wherein a portion Is of current signal li 
flows through said sensing current path; 

said battery current path having a battery impedance Zb located along said batt^ 
current path, a connector-wire impedance Z2 between said current dividing connector and said 
battery impedance Zb, and a connector-wire-xapacitor impedance Za between said battery 
0 impedance Zb and said current converging connector, wherein a portion lb df <nirrent signal Ii 
flows through said battery path; 

a DC-blocking capacitor in series with said battery impedance Zb and located along -said 
battery current path to prevent said battery from discharging current through said sensing 
impedance Zs; 

5 said sensing current path also having a magnetic field sensor with axoupling attached 

thereto for measuring the magnitude and phase of Is, thereby permitting mathematical 
determination of the value of Zb. 
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2. The apparatus for measuriiig impedance in an electi-ocbemical ^11 of Claim 1 in which 
the magnetic field sensor used for measuring the magnitude and phase of Is is a 
magnetoresistive sensor magnetically coupled to the sensing current path. 

3. The apparatus for measuring impedance in an electrochemical <5ell of Claim 1 in which 
the magnetic field sensor used for measuring the magnitude and phase of Is is a Hall •efiEect 
sensor magnetically coupled to the sensing current path. 

4. The apparatus for measuring impedance in an electrochemical cell of Claim 1 in which 
the magnetic field sensor used for measuring the magnitude and phase of Is is a magnetic 
resistive sensor magnetically coupled to the sensing xnunent path; 

said apparatus being further configured to experimentally-determine Zb by measuring 
the variable Is when at least two different calibrated impedances Zbaii through ZcaiN are 
substituted for Zb into the circuit of said apparatus. 

5. The apparatus for measuring impedance in an electrochemical cell of Claim l,^aid 
apparatus being further configured to experimentally determine Zb from the measur-ement-of the 
variable Is when at least two different calibrated impedances Zcaii through ZcaiN arc substituted 
into said current divider network of said apparatus. 

6. An apparatus for measuring impedance in an electrochemical cell <:omprising: 

a current generator for producing an input current signal li along a current signal path in 
a current divider network; 
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said^iuT-ent divider network haviiig a sensing tjurr-ent^jafc and aiatt^-cmrent path, 
said sensing and batteiy current paths4>eing in parallel to^ch otii^, ^ch of-said sensing aiKl 
battery current paths also being in series with-said cuirent^ignal patfa, said curr^ signal, 
sensing, and battery paths interconnecting with each otiier at a^rrent dividing *connector and at 
a currient converging connector; 

said sensing current path having a measurable sensing impedance Zs located ak>i@ said 
sensing current path, a connector-wire impedance Zi between ^d current dividing'connector 
and said sensing impedance Zg, and a connector-wire impedance Z3 between -said 'isensing 
impedance Zs and said current converging'connector, wherein a portion Is of-current s^nal li 
flows through said sensing cuirent path; 

said battery current path having a battery impedance Zt located along -said battery 
current path, a connector-wire impedance Z2 between ^aidxurrent dividing connector and said 
battery impedance Zb, and a connector- wire impedance Z4 between said battery impedance Zb 
and said current converging connector, wh^ein a portion lb of current signal h flows through 
said battery path; 

a DC-blocking capacitor in series with said batteiy impedance Zb and located along -said 
battery current path to prevent said battery jfrom discharging current through said sensing 
impedance Zs; 

said sensing current path also having a magnetic field tensor attached with a coupling 
thereto for measuring the magnitude and phase of Is and for det-ermining the value of Zb using 
the equation 

Zb = r <Zs + Zi + Z3) +e(Z2+Z4) 

where 

li-Is, 

so that: 
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Zb =_Jfi^<Zs+^l+JZ3)+<22+Z4). 

7. The s^paratus for measuring impedance in an -electrochemical cell of Claim 6 further 
comprising an AC-choked load impedance Zl located along said battery current path in 
electrical parallel to said battery impedance Z^, said load impedance Zl also being located 
between said coimector-wire impedance Z2 and said connector-wire impedance Z4 for 
permitting online measurements of;Zb,,ZL being much larger than Zs and Zb. 

8. The apparatus for measuring impedance in an electrochemical cell of Claim 16 in which 
said measuring instrument for measuring the magnitude df Is includes a magnetic core haying a 
magnetic core path and an air gap that dissects said core path, said sensing impedance Zs 
thereby representing a single turn winding on said magnetic xore, and a magnetic Seld sensor 
being positioned in said air gap, the magnetic flux density to which said magnetic fi^d sensor is 
exposed is given by the equation 

^ core core ^ SBp 

where Bgap is the magnetic flux density of the air^ap, is the elective tgap length, £core is the 
effective core flux path length, jHcore is the core permeability factor, and ]io is the permeability 
of free space. 

9. The apparatus for measuring impedance in an electrochemical cell of Claim 6, said 
apparatus being configured to experimentally determine Zb by measuring the variable Is when 
at least two different calibrated impedances Zcaii and Z<ai2 are substituted for Zb using the 
equation 

Zb = r (Zs + Zi +Z3) + <Z2+Z4) 

wherein 
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.^srZa + Zi+Za and Zys,;^+Z4 

so that 

5 2b = I'ZK+Zy 

resulting in an Ig value of Ii when Zoui is substituted for Zb and resulting in an ]« value of I2 
when Zcai2 is substituted for Zb so that 

Zx « Zcall' Zcal2 

O I1-I2 , 

and SO that 

Ziy » Iq.Zcall * IlZcal2 

making the value of Zb solvable by substitution into the equation 

Zb=rzx + Zy. 

0 10. The apparatus for measuring impedance in an electrochemical cell of Claim 6, said 
apparatus being configured to experimentally determine Zb by measuring the variable Is when 
multiple calibrated impedances Zcaii through ZcaiN are substituted for Zbusii^ the equation 

Zb = I' (Zs +.Zi + Z3) + XZ2+Z4) 

wherein 

5 Zx = Zfi + Zi + Z3 and Zy = Z2+Z4 

so that 

Zb = I'ZK + Zy 

D resuhing in an Is value of Ii when Zcaii is substituted for .Zb and resulting in an Ib value of In 
when ZcaiN is substituted for Zb so that 



5 



Zcall » Ii2^ +Zy, 

and so that 



ZcaIN « InZx+ Zy, 



making the value of Z, through Zn solvable and thereby making the value of Zb solvable by 
3 substitution into the equation 
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11. A method for measuring impedance in an electKK^hemical 'ceilxomprising: 

producing an input current signal li with a current generator along a*cun*ent si^ial path 

in a current divider network; 

establishing a sensing current path and a batteiy current path along said-current divider 

network so that said sensing current and battery current pattis are electrically parallel to each 

other and so that said parallel sensing current and battery current paths are in series with said 

current generator; 

locating a measurable sensing impedance Zs a^ong said sensing current path, locating a 
xonnector-wire impedance Zi between said current signal path and^aid Sensing impedance^ 
so that a portion of current signal li flows from said current signal path through said connector- 
wire impedance Zi to said sensing impedance Zs, and locating a connectCH'*wiFe impedance Z3 
between said sensing impedance Zs and said current signal path so that-current flows from said 
sensing impedance Zs through said connector-wire impedance Z3 to -said curr-ent signal path; 

locating a battery impedance Zb along said battery cuir-ent path, locating a ^oimector- 
wire impedance Za between said current signal path and said battery impedance Zb so that a 
portion of current signal Ij flows from said current signal path through said -coimecAor-wire 
impedance Z2 to said battery impedance Zb, and locating a connector-wire impedance Z4 
between said battery impedance Zb and said current signal path so that -current flows from said 
battery impedance Zb through said connector-wire impedance Z4 to -said cuiront signal-path; and 

locating a DC-blocking capacitor in series with said battery impedance Zb and located 
along said battery current path to prevent said battery from dischar^ng current through said 
sensing impedance Zsi 

instnimentally measuring the magnitude and phase of I5 Vkdtfa a magnetic field sensor and 

determining the value of Zb using the equation 
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Zb = r '^Zs + Zi +^3) -^iZz+ZuO 

where 

r I. 



li-Is, 

so that 

Zb = ^ IZs + Zi + Z3) -^-^Zz^ZaI 

li - Is 

12. The method for measuring impedance in an electrochemical x^ell of *Glaim 11 in which 
the magnetic field sensor used for measuring the magnitude and phase of Is is a Hall -eSect 
sensor magnetically coupled to the sensing current path. 

13. The apparatus for measuring impedance in an electrochemical-cell of Claim 11 in which 
the magnetic field sensor used for n^asuring the magnitude and phase of Is is a 
magnetoresistive sensor magnetically coupled to the sensing cuirent path. 

14. The method for measuring impedance in an electrochemical cell of Claim 11 in which 
the value of battery impedance Zh is experimentally detennined by measuring the variable L 
when two different calibrated impedances Zcaii and Zcai2 are substituted for Zb using the 
equation 

Zb = r (Zs -*:.Zi + Z3) + (Z2 +JZ4) 

wherein 

Zx = I' .Zs + Zi +.Z3 and Zy = Z2+,Z4 

so that 

Zb = I' Zx + Zy, 

resulting in an !« value of Ii when Zcaji is substituted for Zb and resulting in an Is value of h 
when Zcai2 is substituted for Zb so that 
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and SO that 




and then the value of Zb is solved for by substituting 2^ and Zy into the -equation 

Zb=rzx+Zy. 

IS. The method of measuring impedance in an electrochemical -cell of claim 1 1 in which the 
instrumental measurement of the magnitude of Is is accomplished u^ing a magnetic field sensor 
having a magnetic core that has a magnetic "Core path and an air gap that dissects said core path, 
said sensing impedance Zs thereby representing a single turn winding on said magnetic^r*e, a 
magnetic field sensor being positioned in said air gap, the magnetic flux density to which -said 
magnetic field sensor is exposed is given by the equation 



where Bgap is the magnetic flux density of the air gap, is the effective gap length, ^corc is the 
effective core flux path length, ficore is the core peraieability factor, and |lio is the permeability 
of free space. 

16. The method for measuring impedance in an electrochemical cell i^f Claim 11 further 
comprising: 

establishing a load impedance Zl located along said battery current path in electrical 
parallel to said battery impedance Zb, said load impedance Zl also being located between said 
connector-wire impedance Z2 and said connector*wire impedance Z4; and 

AC-choking said load impedance Zl for permitting online measurements of Zb, ,Zl being 
much larger than Zs and Zb. 
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1 7. An apparatus for measuring impedance in an electrochemical ^11 comprising: 

a voltage generator for producing an input current signal lb that flows along a -current 
signal path through a batteiy having a battery impedance Zb, isaid battery being located aloi^ 
said current signal path; 

said current signal path having a measurable sensing impedance Zs located along ^aid 
current signal path in series with said battery impedance Zb; 

a DC-blocking capacitor in series with said battery impedance Zb located along said 
current signal path in series with said batt^ impedance Zb and interpositioned along said path 
between said battery impedance Zb and said sensing impedance Zs to prevent said batt'^y #om 
discharging through said sensing impedance Zs; 

said sensing impedance Zs having a sensing current I^, a known source voltage Vi, and a 
magnetic field sensor with a coupling attached thereto -for measuring the magnitude and phase 
of the sensing current Is using the relation 

Is = 

Zb + Zs 

making said battery impedance Zb determinable by the relation 

Zb = Vi - L Z. 

I. 
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